Further evidence has been obtained for the view that the initiation of explosion by impact in liquids is due to the compression and adiabatic heating of trapped gas. It is shown that the sensitivity of an explosive is very dependent upon the pressure ratio. Flat impact experi ments on nitroglycerine spread as a ring on a flat anvil show that the explosion efficiency, which is high when the initial gas pressure is 1 atm., is reduced to zero when the initial gas pressure is c. 30 atm. A high explosion efficiency is still observed when the initial air pressure is less than 10~6 mm., and it is suggested that under these conditions the initiation is due to the compression of the nitroglycerine vapour itself present at a pressure of c. 10"8 mm. It is further suggested that the explosion begins in the vapour phase.
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A. Yoffe (iii) the very short time from impact to explosion and the location of the point of initiation a t a compressed gas bubble.
This paper describes further investigations on the mechanism of initiation. The effects of the initial pressure and of the nature of the included gas have been studied more closely. In particular, if the incidence of explosion is related to of equation (1) then an increase in p x should low point was investigated with an apparatus in which impact experiments could be carried out under pressures up to 100 atm. Another apparatus was constructed for carrying out impacts at pressures down to 10~6 mm. and which could also be filled with different gases.
A simple method of including the gas in the explosive was used: the liquicj (or solid) is spread as a small ring oh a flat anvil (see figure 1 ) and when this is struck with a flat hammer the small amount of gas in the centre is trapped and com pressed. The initial volume of the gas is usually c. 5 x 10~5 ml. and regular explo sions may be obtained with an im pact energy of 300 to 500 g.cm. The investigations, hitherto confined to liquids, have been extended to solids. I t has been found th at the behaviour of such solid substances as P.E.T.N. and cyclonite is similar to th a t of nitroglycerine and other liquids. The paper is divided into two sections. The first deals with the initiation of explosion by impact in liquids, and the second describes initiation experiments with solid explosives.
I . L iq u id s

Impact experiments at high initial gas pressures
Further proof th a t the initiation by gentle impact of explosion in nitroglycerine is due to the compression and adiabatic heating of trapped gas was obtained by carrying out experiments in a closed vessel in which the initial gas pressure p x could be varied between 1 and 100 atm. The final temperature T2 will depend on the initial gas pressure pv If explosion requires a definite high temperature T% to be reached, then initiation will be the more difficult the greater the initial gas pressure. The arrangement used was as follows. Nitroglycerine was spread as a ring on a flat steel anvil inside a chamber which was then filled with air or nitrogen from a gas cylinder. When the gas pressure had reached a required value, the ex plosive was hit with a flat steel hammer. A sketch of the apparatus is given in figure 2. Some results obtained at different initial gas pressures are summarized in table 1. When the steel ball is allowed to fall in the cylinder at high pressure a small cor rection has to be made to the energy of impact to allow for the viscous resistance of the air. The correction is small and allowance has been made in the table for this effect.
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The explosion efficiency falls as the initial gas pressure is increased and drops to zero when the initial pressure is 20 to 35 atm . The results provide strong evidence in support of the view th a t initiation is due to adiabatic compression of trapped gas. The difference between the results for air and nitrogen shows th a t the chemical nature of the gas is im portant. (See also Mulcahy 1948) .
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Impact experiments at low initial air pressures
The effect of reducing the initial air pressure below atmospheric has also been tried. Assuming the final pressure p 2 to be constant for a given impact energy, the final temperature T2 increases as the initial pressure px is reduced. Under these con ditions, however, the mass of gas trapped in the bubble becomes smaller and the quantity of heat developed is correspondingly lowered.
The apparatus used is shown in figure 3 and consists of a collapsible bellows which was so designed th a t changes in gas pressure did not cause any relative movement of striker and anvil. The blow was delivered externally through a hard ened surface. The nitroglycerine was spread as a ring on the anvil. W ith this apparatus the energy used in compressing the bellows itself is small. The pumping unit consisted of a Speedivac pump capable of pressures better than 10~4 mm. in series with a three stage mercury diffusion pump, and the pressures were recorded by a Pirani gauge having a range from 1 mm. to better than 10~4 mm. and a McLeod gauge calibrated to 10-6 mm.
Some results obtained when the initial air pressure was less than 10-5 mm. are given in table 2, and the explosion efficiency for one of the strikers has been plotted as a function of the height of fall in figure 4. In these experiments the total pressure did not drop much below 10-3 mm. which corresponds to the vapour pressure of nitroglycerine a t room temperature. The energies of impact are such th a t no explosions are obtained when the nitroglycerine is spread as a continuous film. The explosion efficiency for low energy impacts is appreciable even when the initial air pressure is less than 10-5 mm. The vapour pressure of the nitroglycerine itself is 10~3 mm.
Impact experiments in low pressure atmospheres of different gases
When gases having a value for y lower than air are included in the gas space, there is a fall in explosion efficiency. Values have been obtained for the explosion efficiency over a fairly wide range of initial gas pressures. The nitroglycerine was spread as a ring and pure samples of the gases introduced into the apparatus described in the previous section.
The results obtained are given in figures 5 and 6. In figure 5 there is a comparison of the explosion efficiency when air y = 1-4, nC5H12 y = 1*08 and C2H4 y = 1*26 are used for an impact energy of 6-3 x 103 g.cm. I t is seen th a t despite its smaller nominal value of y C6H 12 vapour is more effective than C2H4 in enhancing the sensitivity to impact of nitroglycerine. Both are, however, less efficient than air, where the efficiency remains a t 100 % even down to pressures of 10~5 mm. When the impact energy is 2-9 x 10-3 g.cm. the effect of C6H12 and C2H4 is similar (see figure 6 ). In addition, low pressures of CC14 (y=l-13) and CH30 N0 2 were tried. The latter was chosen because of its similarity to nitroglycerine. The explosion efficiency remains unaltered when the evacuated space is filled with 50 mm. of methyl nitrate vapour. This result is of some interest from the practical point of view. 
D i s c u s s i o n
The experiments described above demonstrate the sensitizing effect of bubbles of %-pentane, carbon tetrachloride and methyl nitrate. These are gases whose critical temperatures (470, 556 and c. 510° K) are above room temperature and which condense if compressed slowly. Initiation of explosion is facilitated even by high initial pressures, e.g. 250 mm. of w-pentane, th a t is under conditions where liquefaction could occur very readily during slow compression. The relative efficiencies (see figures 5 and 6) of these gases bear no relation to their several critical temperatures. I t would appear th a t condensation does not occur during the very rapid (10-5 sec.) compression.
The adiabatic compression of saturated vapour need not always result in con densation. The condition for no liquefaction to occur is (Roberts 1943) uq
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This relation is satisfied by carbon tetrachloride but not by w-pentane or methyl nitrate. However, if one takes the value y 1 *08 for w-p initial gas pressure, p 1 (mm.) temperature is c. 150° C which is much too low a temperature to explain the initiation of explosion (see Bowden & Gurton 1949 , who quote 480° C as the ignition temperature).
The value of y appropriate to the sudden compression of a gas and defined by equation (1), is not the value of y a t room temperature and pressure found from measurements of the speed of sound, etc. Even for the permanent gases, y varies with pressure and temperature (see International critical tables, first edition) and during a compression y depends on the rate of pressure rise (Lewis & von Elbe 1939) . This variation has been ascribed to the failure of the kinetic energy to share itself out among all the modes of motion.
I f n is the number of degrees of freedom involved, and any reduction in n causes an increase in y towards the value y = 1-67 corre sponding to a monatomic gas. Experiments on the dispersion of sound in gases confirm this view but lead to numerically different results (Alexander & Lam bert 1942; Richards 1939) . I t is possible th a t complex molecules such as pentane and methyl nitrate behave like monatomic gases during compression. However, the compression time before explosion occurs is fairly long (c. 10~5 sec.) compared with the period of relaxation during which equilibrium is established between trans lational and vibrational energy of the molecules. I t should be remembered th a t y as defined by equation (3) applies only to an ideal gas. This relation will hold for small compressions such as those occurring in a sound wave. When the pressure ratio is high deviations from the ideal nature of the gas must be taken into account. I t can be shown th a t over a wide range of pressure, the deviation from ideal be haviour has a marked effect on the relation between temperature and pressure, and the actual value for the temperature rise is higher th an th a t calculated from equation (1). This provides an explanation for the sensitizing action of the conden sable gases and of the self-sensitized explosion of nitroglycerine spread as a ring in vacuo (10_5mm. Hg). Here it is the vapour of the nitroglycerine itself which undergoes the adiabatic heating and which initiates the explosion.
Decomposition initiated in the vapour phase
The detailed mechanism of initiation cannot be inferred from these results alone, and the exact origin of decomposition is still uncertain. I t may begin by the simul taneous (within 10~13 sec.) activation by hot molecules from the gas phase of two adjacent molecules in the interface (cf. Gamer 1938) . The exponential factor associated with this binary event is e~2E/RT and a t the temperatures concerned (c. 500° C) is extremely small, and it is unlikely th a t this is the correct mechanism.
I t is again suggested th a t the explosion begins as a burning in the gas phase of the vapour from the liquid explosive and th a t this inflammation spreads to the bulk, and the evidence for this view is summarized below:
1. The explosive vapour in the gas bubble is heated during compression to the same temperature as the gas. The liquid on the other hand m ust be heated by therm al conduction and it seems reasonable th a t the vapour will inflame first.
2. The concentration of nitroglycerine vapour in air a t room tem perature is extremely small (one part in 106). explosive vapour has not been closely examined. Preliminary experiments by Chamberlain, Gray & Walsh (1947) demonstrated the ease with which methyl nitrate vapour, diluted ten times with nitrogen, ignites, and confirm the likelihood of such inflammation. 3. When the initial air pressure is low (10-5 to 10~6 mm. Hg) the initiation is due to the compression and burning of the vapour of nitroglycerine heated to the ignition temperature.
4. Belajev (1938) has recorded the great difficulty of igniting, from the liquid phase, even such unstable liquids as nitrogen trichloride or nitroglycerine under high pressure, although estimated temperatures of c. 2000° C were produced.
5. The possibility of igniting gas mixtures by sudden compression is well known (e.g. in the diesel engine and the experiments of White & Price 1919, and Buckler & Norrish 1938) .
6. The chemical nature of the included gas is important. Thus oxygen is more effective than nitrogen in sensitizing nitroglycerine to gentle impact (Mulcahy 1948) . The results shown in figures 5 and 6 indicate th at nitroglycerine and methyl nitrate vapour are more efficient than inert vapours such as 71-pentane and carbon tetrachloride. The exothermic decomposition of methyl nitrate vapour greatly facilitates the growth of the explosion in the heated gas.
When liquid explosives are detonated by light impact, the following sequence of events is therefore postulated. Sudden compression and heating of the trapped gas occurs and exothermic decomposition of the explosive vapour begins. Even vacuo the vapour of the explosive itself suffers a considerable temperature rise. Furthermore, the physical and chemical heating thus induced lead to evaporation of explosive from the walls of the bubble to give a richer mixture than existed before impact. Inflammation of the explosive vapour near the walls becomes sufficiently violent to ignite the liquid itself, and the explosion grows as a rapid burning through the bulk (cf. Bowden et al. 1947; Bowden & Gurton 1949) .
I I . S o l id s
When a solid such as pentaerythritol tetranitrate (P.E.T.N.) is spread on the anvil as a ring and not as a uniform film of crystals its sensitivity to shock is increased.
The explosive (25 mg.) was placed between two hardened steel rollers, 1*3 cm. in diameter, and the blow delivered by a steel ball released from an electromagnet. The results obtained when the ball weighed 1860 g. are given in figure 7 where the explosion efficiency is plotted as a function of the Height of fall. The energy neces sary to give an explosion efficiency of 50 % is 2*8 x 104 g.cm. for a ring and 7*1 x 104g.cm. for a continuous film.* This increase in sensitivity parallels th at of liquid explosives although the effect is not so marked.
* In these experiments it was necessary to use dry P.E.T.N. otherwise low values were obtained for the explosion efficiency. This effect is difficult to explain since the presence of pentane or carbon tetrachloride had no desensitizing action (see later).
I t could be argued that, in the case of a solid, the increase in efficiency with a ring of explosive is due to the greater pressure developed because of the smaller effective area of the strikers. However, though experiments with strikers of dif ferent areas have shown th a t the explosion efficiency does increase somewhat as the area of the striker is reduced, the effect is small compared with th a t observed with this particular distribution. 
Impact experiments in nitrogen at high pressure and with strikers of different hardness
The experiments with nitroglycerine a t a high initial gas pressure confirmed the view th a t the initiation of explosion in liquids is due to the adiabatic compression of trapped gas. Similar experiments were therefore carried out with P.E.T.N. The apparatus used is th a t shown in figure 2 except th at the hardened steel weight O weighing 2 kg. was used instead of the spherical ball K.
T a b l e 3. E x p l o s i o n e f f i c i e n c y o b t a i n e d w i t h a r i n g o f P .E .T .N . AT A HIGH INITIAL PRESSURE OF
The results with the P.E.T.N. spread as a ring are given in table 3. Measurements of the time of fall of the weight 0 showed th at the viscous resistance of the air produced no appreciable reduction in velocity.
There is a reduction in the explosion efficiency from 100 to 13 % when the initial gas pressure is increased from 1 to 100 atm.
The effect of hardness of the striker
In carrying out impact experiments with solid secondary explosives, heavy strikers fall several feet and very high pressures may be developed in the solid, the limiting pressure being the dynamic flow pressure of the striker. When hardened steel strikers are used, the pressure in the P.E.T.N. film can reach 80,000 atm. before the steel deforms plastically. I t is clear th at the pressure ratio can still be very high even when the initial gas pressure is 100 atm. and the temperature rise in any trapped gas space can be considerable.
So as to reduce the maximum pressure attainable, strikers of metal softer than steel were also used. The results obtained in these experiments are summarized in table 4.
T a b l e 4. E x p l o s io n e f f i c i e n c i e s
The sensitivity to shock of P.E.T.N. spread as a ring on a hard steel anvil under different initial gas pressures depends on the hardness of the striker. Mass of striker 2 kg. No explosions are obtained with strikers of copper or brass. During the impact both the copper and brass strikers are deformed by the crystals of P.E.T.N. and a deep imprint of the explosive ring is left on the face of the striker (see figure 8 , plate 15). The ring of P.E.T.N. appeared not to flow at all, and its dimensions were roughly the same before and after impact. When mild steel surfaces are used, explosions are readily obtained. Examination of the surface of the steel striker after explosion shows th at only slight plastic deformation has occurred. Thus in order to initiate explosion it is necessary to make the P.E.T.N. flow, and for this to occur the hardness of the striker must be c. 200 kg./mm.2. This means th at the P.E.T.N. will be subjected to pressures of the order of 20,000 atm.
Entrapped gas and the initiation of expbsions
Mild steel strikers were also used at an initial gas pressure of 100 atm. The table shows that the explosion efficiency is lower, and the explosions obtained were very incomplete, the only evidence of decomposition being a small oxidation stain on the steel surface. On the other hand the explosions at 1 atm. are generally complete and the efficiency when the same weight falls about half the height is about 100 %.
The difference between efficiencies at 1 and at 100 atm. pressure is striking. Even with nearly twice the height of fall the efficiency at 100 atm. is small and the explosions obtained are weak, despite the greater energy and momentum a t the point of impact.
Impact experiments at low initial gas pressures
A series of experiments was carried out in a vacuum apparatus to see whether there was any change in explosion efficiency when the initial gas pressure was lowered. The apparatus used was similar to th at shown in figure 3 but was more robustly made in order to withstand the high energy impacts. I t could be evacu ated at air pressures near 2 x 10~5 mm. and total pressure when the P.E.T.N. was present of c. 10-4 mm. The total pressure was measured by a Pirani gauge, which is a continuously recording instrument and which may detect a small amount of decomposition as soon as it occurs. The P.E.T.N. was spread as a ring on a flat steel roller and struck by another flat steel roller. The results obtained are given in table 5. The table shows th at even a t this low initial gas pressure the explosion efficiency is higher when the P.E.T.N. is spread as a ring. The explosion efficiency a t the low gas pressure is lower than in air a t 1 atm., the difference being more pronounced with the continuous film. The efficiency remains at 100 % with all these gases. This result is different from that observed with nitroglycerine where the efficiency decreased when gases of low y were used. An explana tion of this result is given in the discussion.
Impact experiments in different gases
Im pact experiments on P.E.T.N. spread as a ring were carried out in gases having different values for y. The gases used were air, ethylene, ether, w-pentane and carbon tetrachloride (see table 6 ).
The detonation of cyclonite by impact
Experiments similar to those described with P.E.T.N. were carried out with cyclotrimethylene trinitramine (cyclonite). The results follow the pattern described for P.E.T.N. though the difference in explosion efficiency of cyclonite when spread as a ring and as a continuous film is not so marked. Explosions could still be obtained when the initial air pressure was < 2 x 10-6 mm. and the pressure of cyclo nite vapour < 10~4 mm.
The propagating properties of cyclonite under impact conditions are poor. When spread as a continuous film, the explosions were nearly all partial. The extent of the explosion was much greater with the ring.
D i s c u s s i o n
The behaviour of P.E.T.N. under impact shows many similarities to th at of nitroglycerine and other liquid explosives. I t is suggested th at the initiation of explosion is of a thermal character and is due to the adiabatic compression o f gas spaces trapped in the solid during the impact. The evidence for this conclusion is given below.
Several mechanisms exist by which the mechanical energy of the blow may be converted to heat. The energy of the impact may heat all the explosive uniformly. However, feven assuming th at all the energy is converted to heat, the temperature rise for P.E.T.N. is only 100° C when the impact energy is sufficient to initiate the explosion. The ignition temperature of P.E.T.N. when the time of heating is c. 10~4 sec. has been estimated at 400 to 500° C (see Bowden & Gurton 1949) , so th at the above temperature rise would be too small. Bernal (1938) proposed th at the thermal energy could be concentrated at localized points in the explosive. co-workers (1936, 1947) have shown th at local hot spots could be produced during the rubbing of surfaces, the temperature rise being limited by the melting point of the solid. With materials such as P.E.T.N. and cyclonite the hot spot temperature due to frictional heating would not exceed about 140 and 200° C corresponding to the melting points, but again these figures are below the ignition temperatures.
Several workers (Rideal & Robertson 1948; Eirich (unpublished) ) have postulated a mechanism for the initiation of explosion on the basis of the formation of a molten layer of the solid explosive. There is evidence that local melting of the solid does take place during impact, due either to frictional heating or to the application of a non-uniform pressure to the solid (cf. Johnston & Adams 1913) . Mayes and Eirich (unpublished) observed melting of such materials as P.E.T.N. and sulphur during impact. Some of their experiments have been repeated, and the results may be seen in figures 9, 10 and 11, plate 15. Figure 9 shows the result of an impact on P.E.T.N., and a fused (or flowed) layer may be seen on the anvil a t the edge of the continuous film. The fused layer is most noticeable with low melting solids such as sulphur, figure 10. With waxy materials such as Tempilstik particles of molten substance are ejected from the impacting surfaces (figure 11).
Rideal and Robertson consider that the liquid explosive so formed is caused during impact to flow at a high speed through the small spaces between the explosive crystals and viscous heating raises the temperature of the liquid so much th a t rapid thermal decomposition occurs. This mechanism is not unlike th at proposed for the initiation of thin continuous films of nitroglycerine in the absence of gas spaces . However, it does not seem applicable to impact on solids under the usual conditions, since it is unlikely th at th at extreme velocity of flow is attained which the calculations of Cherry (1945) and Eirich & Tabor (1948) have shown to be necessary for the temperature rise due to viscous heating to become appreciable. I t is more probable that the formation of a molten or plastic layer serves to seal off small air spaces, which-there is ample evidence-readily produce hot spots under impact. In other words, the melted and flowed explosive behaves just like a liquid explosive and it is reasonable to expect the mechanism of initiation to be the same as th at already proved to be operative in the initiation of liquids.
The initiation of explosion by the sudden compression of gas spaces
When P.E.T.N. is spread as a ring and not as a continuous film the sensitiveness to impact is increased. During impact plastic flow or surface melting of the solid takes place and the relatively large gas space in the centre is trapped and com pressed. The photographic investigations of Bowden & Gurton (1949) have shown th at initiation begins a t this trapped gas bubble. The formation of a hot spot near this gas pocket may be demonstrated by a simple experiment with red mercuric iodide. When spread as a ring and subjected to impact between flat surfaces, specks of the yellow modification appear close to the centre of the ring. These rapidly revert to the red form. The transition occurs a t 126° C and does not occur on the slow application of a similar pressure.
Cyclonite and tetryl behave similarly to P.E.T.N. and sudden heating during adiabatic compression of the trapped gas appears to be the initiation mechanism for. solid explosives of this type.* A similar mechanism no doubt holds in the absence of a deliberately included gas space. Even when the crystals are spread as a 'continuous film' small gas spaces are trapped due to the plastic flow or. surface melting of the crystals during impact.
The results with P.E.T.N. spread as a ring showed th at a t moderately low pressures gases such as carbon tetrachloride and w-pentane which have low values for y have the same sensitizing effect on the explosion efficiency as the permanent * The situation is evidently different with primary explosives which, in general, detonate before the melting point is reached. Tne formation of a molten layer is therefore excluded. Some experiments made with tetrazene suggest that the compression of trapped gas plays little part in the initiation. It seems probable in this case that the initiation is brought about by frictional heating as the crystals rub against each other or against the impacting surfaces (of. Bowden & Gurton 1949).
gases. This result is different from th a t obtained with nitroglycerine where these gases were less efficient than air. The reason for this difference is not difficult to find. I t has been shown th a t for the solid to flow under impact the pressure developed is much larger than th at to be expected from impact on a liquid, and amounts to thousands of atmospheres. In P.E.T.N. it is in the region of 20,000 atm. and consequently the temperature rise due to adiabatic compression of gas spaces trapped in the solid will be very high even for gases of high specific heat. In the absence of any air when the initial pressure is low (c. 10-5 mm.) the space is filled with vapour of the explosive (c. 10~4 mm.) and once again it is the compression of the vapour which initiates the explosion.
The strongest, evidence for the dependence of initiation on the sudden com pression of trapped gas spaces is provided by experiments carried out at high gas pressures. I t has already been shown th at the maximum temperature attained in an adiabatic compression depends, not on the final pressure, but on the ratio of the final pressure to the initial pressure. Since the final pressure is in some way deter mined by the energy of the impact, it is clear th at an increase in the initial gas pressure should reduce the maximum temperature attained in an included gas pocket. If initiation depends on the production of a local high temperature, then an initial high pressure would be expected to reduce the chances of an explosion if the impact conditions are unchanged. In the experiments with B.E.T.N. spread as a ring there was a marked drop in the explosion efficiency when the initial gas pressure was increased from 1 to 100 atm. of nitrogen.
I t would seem therefore that there is little difference in the mechanism of initiation by impact in liquids, or solids such as P.E.T.N. and cyclonite. Under conditions where it is possible to include gas spaces in the explosive, initiation of explosion is due to the compression and heating of these trapped gas pockets.
I should like to thank Dr F. P. Bowdeii, F.R.S. for his constant interest and advice, the Royal Society for the Mackinnon Research Studentship, and the Ministry of Supply (Air) for grants for equipment. My thanks are also due to Mr P. Gray and Dr O. A.' Gurton for helpful discussions. The general equations of a single-reaction flame are written down, allowing for the diffusion of the main reactants and products. It is shown that the pressure-dependence of the flame speed is not altered by the consideration of diffusion. A method of successive approximation is applied to the equations with diffusion, giving an easily applied solution for the speed of a flame maintained by a single reaction whose rate depends only on the temperature and the concentrations of the reactants.
I n t r o d u c t i o n
Boys & Corner (1949) have discussed the speed of propagation of reaction zones (flames) when diffusion of the reactants can be neglected. In the present paper I shall discuss the effects produced by diffusion. The notation is, as far as possible, the same as in the earlier paper. I begin ( § 2) by a sketch of the problem considered; in § 3 the equations of a moving reaction zone are written down; methods of dealing with these equations are reviewed in § 4, and an approximate solution, together with some general results, is given in §5.
